Introduction
In the refining process of the RH system, melt circulation (the melt flow rate per unit time through the snorkel) is regarded as the dominant factor that influences the decarburization rate.
1) It is generally accepted that the decarburization rate increases as the melt circulation increases.
Melt circulation in the RH process depends upon the shape of the equipment such as the snorkel diameter, the radius of the vacuum chamber, the position and number of nozzles. It also depends on the operating conditions such as the pressure of the vacuum vessel, Ar gas flow rate and the submerged depth of the snorkels. Therefore, it is very difficult to predict melt circulation and determine the operating conditions for optimum melt circulation.
Katama etc. 2) have done water model experiments in order to investigate the effect of gas flow rate, nozzle number, nozzle diameter and nozzle position on circulation rate. However, the application of water model experimental results to real RH system is limited due to the different conditions between water model and the real system. Kuwabara 3) and Kurokawa 4) proposed empirical equations to predict the melt circulation rate. However, Kuwabara's equation cannot show the effect of various parameters such as shape of vessel, submerged depth of snorkel and nozzle numbers and so on. Kurokawa's equation need the mixing time through tracer experiments, therefore it is difficult and time consuming to investigate the effects of various parameters on melt circulation rate.
Those are reasons why there are few studies on the effects of various parameters on the melt circulation rate in RH system.
The present paper studies the effect of each shape and operating parameters on melt circulation using numerical simulations. The numerical simulation program can predict melt circulation through calculating the entire fluid flow of the RH system. 5) An equation composed by the operating and dimension parameters, which shows a linear relation with the melt circulation, was obtained from the numerical experiments. Using this equation, the melt circulation for various conditions can be predicted without time-consuming three dimensional numerical simulations.
Numerical Calculation Model
The numerical model reported in a previous work 5) is used in this study to do numerical experiments. In the present report, the model is briefly explained. The numerical model calculated the entire three dimensional fluid motion in the RH system. The turbulent motion was considered using the k-e model. To simulate the velocity fields of the melt, the buoyancy force generated by blowing Ar gas must be calculated. The force operated by the gas in a liquid was Melt circulation as a function of the operating conditions and dimensions of the RH system were calculated using a 3-dimensional numerical model. This numerical model was developed with considering the driving force by gas blowing for melt circulation and was verified from both water model experiments and real RH process results.
Using the numerical model, the influences of various parameters on melt circulation were investigated. The parameters can be divided into two categories, the operating conditions and dimensions of RH system. The effects of each operating parameters such as gas flow rate, the pressure of the vacuum vessel and submerged depth of the snorkel on the melt circulation rate were studied. In addition, the effects of the dimension parameters of the RH system such as the number of nozzles and snorkel diameter were also investigated.
By synthesizing the calculated melt circulation for various conditions, a simple model, which can predict the melt circulation without calculating the three dimensional fluid flow, was developed. Using this prediction model, the effects of the various parameters on melt circulation could be calculated easily.
KEY WORDS: RH process; numerical simulation; operating conditions; dimension parameter; melt circulation; circulation flow rate. calculated using Eq. (1) which can be widely applied to the bubbly, slug, and drop regimes of gas-liquid flow as well as to fluid-particle systems such as fluidized beds. 6) fϭg(r l Ϫr g ) · V p · a(1Ϫa) ..................... (1) where g is the acceleration due to gravity, V p is the volume of the plume and a is the average volume fraction of the gas. The volume of plume was calculated by summing each volume of plume formed by each nozzle. A plume volume was calculated by considering the plume shape and trajectory. 5) Also, the superposition between plumes was considered. The average volume fraction of gas (a) is the total volume of residual gas in the melt divided by total plume volume. The force calculated by Eq. (1) was inserted into the three dimensional Navier-Stokes equation as a source term for velocity components (u, v, w). The finite difference method is used to obtain the difference representation of Navier-Stokes equation. From the calculated fluid flow, the melt circulation could be calculated easily. The calculated melt circulation was compared with results of a water model and a real RH operation.
5)

Numerical Experiments
Using the numerical model, the effects of several operating parameters and design factors of the RH system on the melt circulation rates were calculated. The operating parameters are the pressure of vacuum vessel, the quantity of melt, the gas flow rate and depth of submerged snorkels. The design factors of the RH system are the size of the ladle and vacuum vessel, the length and diameter of the snorkels, and the number, diameter and the position of the nozzles.
Among these factors we will show the effect of 5 parameters (the pressure of vacuum vessel, gas flow rate, the submerged depth of snorkel, the diameter of snorkel and the number of nozzles) on the melt circulation.
Effect of Gas Flow Rate
Among the operating parameters, the gas flow rate is the dominant factor that influences on the melt circulation. It is generally accepted that melt circulation increases as the gas flow rate increases. In order to investigate the effect of gas flow rate on melt circulation, the melt circulation was calculated using the numerical program with increasing gas flow rate from 0.028 to 0.072 Nm 3 /s. The conditions for the calculations are shown in Table 1 and the dimensions of the RH system and other conditions are shown in Table 2 . Figure 1 shows the calculated results. Melt circulation shows a tendency to increase as the gas flow rate increases. This can be explained as follows. Because the average gas volume ratio (a) and plume volume (V p ) in Eq. (1) increases as the gas flow rate increases, the driving force for melt circulation increases. However, the melt circulation behavior with increasing gas flow rate differs when the snorkel diameter and the pressure of vacuum vessel are different.
In the case where the pressure of the vacuum vessel is 1 333.2 Pa and the snorkel diameter is 0.73 m, melt circulation increases with increasing gas flow rates. When the pressure of vacuum vessel is 9 332.6 Pa, melt circulation and the increase in the melt flow rate are smaller than the result at 1 333.2 Pa.
When the snorkel diameter is 0.6 m, melt circulation rate shows a different behavior. The circulation rate increases with increasing gas flow rate but the value shows a maximum at 0.061 Nm 3 /s of gas flow rate and decreases at the higher gas flow rate. These tendencies were shown in both cases of 9 332.6 and 1 333.2 Pa. The decrease in melt circulation was caused by an overlapping of each plume, which is formed by the gas blown at each nozzle. The reasons that the melt circulation has a saturation value with gas flow rates are shown in Ref. 5) . When the snorkel diameter is 0.73 m, the decrease in melt circulation due to interactions between the plumes was not found in the range of gas flow rates studied here. Table 2 . Dimensions of RH system in the calculation. Figure 2 shows the effect of vacuum pressure. The conditions used for the calculations are represented in Table 3 . It can be seen from Fig. 2 that the melt circulation decreases with increasing vacuum pressure. Therefore, in order to increase melt circulation, the pressure of vacuum vessel should be reduced quickly and maintained at as low a pressure as possible.
Effect of the Vacuum Pressure
The reasons that the vacuum pressure affects melt circulation can be explained as follows. As the pressure decreases, the same gas flow rate exerts a greater buoyancy force due to a lager expansion of the gas bubbles. The other reason is that the volume of the melt in the vacuum vessel increases with reducing pressure. Therefore the total volume of plumes increases. The difference in melt height in the vacuum vessel is about 0.2 m when the pressure is 13 332 and 133.32 Pa, respectively. Figure 3 shows the melt circulation rates at different submerged snorkel depths. The conditions used in the calculations are shown in Table 4 . The nozzle position is 0.25 m above the bottom of snorkel. The melt circulation rate reaches a saturation value at a submerged depth of 0.65 m when the snorkel diameter is 0.6 m. On the other hand, in case of 0.73 m, melt circulation increases without a saturation value.
Effect of the Submerged Depth of Snorkel
Effect of the Number of Nozzles
To investigate melt circulation at different nozzle numbers, the number of nozzles was increased from 6 to 24. The conditions used in the calculations are shown in Table  5 . The snorkel diameter was 0.73 m and the pressure of the vacuum vessel was 1333.2 Pa. The gas flow rate was 0.042 and 0.056 Nm 3 /s respectively. Figure 4 shows that melt circulation increases with increasing nozzle number. However, 14 and 16 nozzles results in an almost saturated melt circulation level when the gas flow rates are 0.042 and 0.056 Nm 3 /s, respectively. The tendency for melt circulation to increase when the nozzle number increases for the same gas flow rate can be explained as follows. Figure 5 shows calculated plume area near the vacuum vessel surface when number of nozzles is 6 and 12 respectively. The gas flow rate is 0.042 Nm be seen that the total plume area in the case of a nozzle number of 12 is larger than that in the case of 6. This means that the total plume volume (V p ) increases as the nozzle number increase. There is another factor that must be considered when the nozzle number increases. If the nozzle number increases by more than a limited number, the remaining nozzles must be installed in the upper layers. Therefore the average submerged depth decreases. This causes a decrease in the melt circulation rate. To estimate the effect of this problem, the 16 nozzles case with two layers was calculated. The distance of the layers is 0.225 m. In order to calculate the overlapping volume between the plumes that start at different positions, it is assumed that all the nozzles are installed in the middle position of the two different nozzle layers. Hanna etc. 7) showed that melt circulation is same when the same numbers of nozzles are installed in the middle position of the two layers of nozzles.
The open square and open circle in Fig. 4 shows results when 16 nozzles are assumed to be installed at 0.3625 m (nozzle heightϩhalf of the two layer difference). From the figure, it can be seen that the double layer installation of nozzles causes a decrease in the melt circulation.
Effect of the Snorkel Diameter
As seen in Figs. 1-4 , melt circulation of the RH system with a large snorkel diameter is always higher than that with a small snorkel at the same conditions. The difference in the overlapping volume between plumes can explain this tendency. Figure 6 shows a cross section of the plume when the snorkel diameters were 0.6 and 0.73 m respectively. The gas flow rate was 0.05 Nm 3 /s. It can be seen that as the snorkel diameter increases, the superposed area decreases. As a result, the total plume volume increases and the buoyancy force becomes larger, as can be seen from Eq. (1).
Prediction of Accumulative Circulation Numbers
Reduce a Relation between Operating Parameters
and Melt Circulation Rate In order to investigate the effect of many factors on melt circulation, a three dimensional fluid flow calculation method is available. However, this method is time consuming. Moreover, the pressure of vacuum vessel changes continuously. Therefore a simpler model is needed to calculate the melt circulation rate during field operations.
Several prediction models for predicting the melt circulation rate in the RH process were suggested. As an example, Kurokawa 3) proposed the equation. (2) where Q is the melt circulation (kg/s), D is the diameter of the snorkel (m), W is the weight of the melt (kg) and t is the complete mixing time (sec). However, in order to obtain the melt circulation using Eq. (2), the mixing time should be measured through tracer experiments that are also difficult and time consuming. On the other hand Kuwabara 4) proposed following equation.
............. (3) where Q is the melt circulation (kg/s), G is the gas flow rate (Nm 3 /s), D is the snorkel diameter (m), P 1 is the pressure where the gas is blown (Pa) and P 2 is the vacuum vessel pressure (Pa). This is a simple model to estimate the circulation rate. However, this equation has a limitation in that it cannot explain the effects of the other parameters (number of nozzles, nozzle height, shape of vacuum vessel, amount of melt etc.). Therefore a new model is necessary to estimate the melt circulation rate. At first, we tried to find a relationship between the buoyancy force calculated by Eq. (1) and the melt circulation rate. The circulation rate and the square root of the buoyancy force which is expressed in Eq. (4) show some linearity as shown in Fig. 7 . (4) where r is the melt density (kg/m 3 ) and g is the gravitational acceleration (m/s 2 ). V p is the total volume of plumes (m 3 ), P eff is the expansion ratio of gas volume due to the pressure drop with the rising bubble and a is average gas volume ratio. The calculation methods of V p , P eff and a are explained in Ref. 5 ).
However, the figure reveals some deviation from linearity.
By trial and error, it was found that the melt circulation rate shows linear dependence with the parameter shown in Eq. (5) as shown in Fig. 8 .
where D s is snorkel diameter (m), H n is the nozzle height (m) from the snorkel bottom and H v is the height (m) of melt from the free surface of ladle to that of the vacuum vessel and calculated as Eq. (6).
......... (6) where P v is the pressure (Pa) of vacuum bath, r Hg is the density of mercury (kg/m 3 ) and r melt is the density (kg/m 3 ) of melt.
The linear relationship between the melt circulation and the parameter is below circulation flow rate (kg/s)ϭ53.5ϫparameter ..... (7) The linear slope value 53.5 was obtained through linear fit of data. It can be seen that all the data exist within a 5 % error limit. Using this linear relationship, the melt circulation can be calculated without a 3-dimensional fluid flow calculation.
The value of the proportion coefficient, 53.5, also slightly depends on the other parameters (melt volume, diameter of vacuum vessel and ladle). Figure 9 shows the linear relationship for another RH system. The different data between both RH systems are summarized in Table 6 . However, the new proportion coefficient is 50.3, which is not so different from the previous one. Therefore, the melt circulation rates of the similar size RH systems can be approximated using Eq. (7).
The Eq. (7) can be applicable to RH systems of which gas flow rate is 0.028-0.083 Nm 3 /s, nozzle number is 6-24, 
The Calculation of Accumulate Circulation during a RH Operation
During a real RH operation, the pressure of the vacuum vessel gradually decreases from 10 1325 to about 133.32 Pa. The pressure increases during oxygen blowing. Using Eq. (7), the cumulative circulation during the RH operation can be calculated without calculating of fluid flow. Figure 10 shows the change of the vacuum vessel pressure in the real operation of POSCO #2 RH system. The method to calculate the melt circulation rate with vacuum bath pressure is below.
In order to calculate the circulation flow rate using Eq. (7) at each pressure of vacuum bath (represented by point in Fig. 10 ) during entire RH operation, the parameter represented Eq. (5) should be known. The parameter varies with the pressure of vacuum bath, because the melt height (H v ) from the free surface of ladle to that of the vacuum vessel and the buoyancy force (F plume ) change.
Therefore, first step is to calculate the melt height (H v ) using Eq. (6) and the buoyancy force at each pressure point. The method for calculating the V P , a and P eff in the Eq. (4) with the pressure of vacuum bath is explained in the Ref. 5) . Also a software to calculate the value of parameter at different operating conditions can be obtained from the author's website. 8) Second, the parameter represented in Eq. (5) is calculated using the results of step 1. The melt circulation rate can be calculated by substituting the value of parameter into Eq. (7). These procedures were executed for all pressure point in Fig. 10 .
The rectangle, circles and triangles in Fig. 11 shows the melt circulation rate as a function of time calculated for each pressure in Fig. 10 . It is easily understood that the melt circulation rate of the large diameter is large. Figure 12 shows the cumulative circulation with time. The cumulative circulation is calculated by integrating the melt circulation with time in Fig. 10 and then the total quantity of circulated melt is divided by total melt weight, after commencing the RH operation. This graph shows how many times the total melt goes through the vacuum vessel. Because decarburization only occurs in the vacuum vessel, the cumulative circulation can be used as useful data for determining the end points of the RH operation.
Conclusion
(1) The effect of operating parameters and shape factors on the melt circulation rate is summarized as follows.
Gas Flow Rate: An increase in the gas flow rate increases the melt circulation rate. However, there exists a saturated melt circulation above a certain gas flow rate. This is due to the superposition of the plume zones.
Vacuum Pressure: A decrease in the vacuum vessel pressure effectively increases melt circulation. This was due to the increase in the buoyancy force as the melt height increases. Therefore the pressure must be reduced low as soon as possible in order to increase melt circulation in a real RH operation.
Number of Nozzles: The number of nozzles was an effective factor in increasing the melt circulation. As the number of nozzles increase, melt circulation increases. This is because the increase in the nozzle number increases the total effective volume of plumes. However, there exists a saturation melt circulation with the number of nozzles for a given gas flow rate. Furthermore, if the nozzle number increases to more than a limited number, the nozzles are installed at the two layers. Considering this, it was assumed that all the nozzles were installed in the middle positions of the two layers.
Submerged Depth: The increase in the submerged depth of snorkels showed a similar effect with a decrease of vacuum pressure. However, the submerged depth is limited by the dimensions of the RH system. Snorkel Diameter: When the snorkel diameter is 0.73 m, the decrease in total plume volume due to the superposition of plumes was smaller than at 0.6 m. Therefore, the total buoyancy force of plumes is larger when the snorkel diameter is 0.73.
(2) A parameter which shows a linear relationship with melt circulation was reduced for analyzing the calculated results. Using this relationship, the melt circulation with vacuum vessel pressure variations could be calculated without 3 dimensional fluid flow simulations. In addition, the cumulative melt circulation could be calculated in real RH operations. If the relation between the total circulation number and decarburization rate is revealed, the cumulative melt circulation will provide useful information for increasing decarburizaiton rate.
